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• Two-zone solar-driven gasifier offers high conversion and favorable syngas quality. 

. A drop-tube zone provides efficient radiative heat transfer for rapid pyrolysis. 

• A trickle-bed increases solids residence time and enhances the overall heat transfer. 

. The two-zone reactor prototype demonstrated improved performance over the drop-tube. 

• Solar energy was stored in the syngas and the biomass was energetically upgraded. 
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A two-zone solar reactor concept for the steam-based gasification of biomass particles using concen¬ 
trated solar energy has been developed and experimentally evaluated with particles of sugarcane bagasse 
at a 1.5 kW solar input scale. The gasifier has been designed with the objective to provide pyrolysis and 
gasification conditions yielding high carbon conversion into syngas and suppressing the formation of tars 
and gaseous hydrocarbons. It consists of two zones. In the upper drop-tube zone, a high radiative heat 
flux to the dispersed particles induces their fast pyrolysis. In the lower trickle bed zone, a structured 
packing provides the residence time and temperature required for the char gasification and the decom¬ 
position of the other pyrolysis products. 

A series of 20 min gasification experiments comparing the two-zone reactor vs. a drop-tube reactor 
were performed in a high-flux solar simulator with a maximum particle flux of 16g/s m 2 . It has been 
demonstrated that the former allows for more efficient decomposition of CH 4 and C 2 hydrocarbons at 
comparable reactor temperatures. The LHV of the product gas leaving the two-zone gasifier was signifi¬ 
cantly higher than those typically obtained in conventional autothermal gasifiers. Solar energy was 
chemically stored in the product gas, resulting in energetic upgrade of the biomass by 5% and a maximum 
energy conversion efficiency of 21%. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Solar-driven steam-based gasification of biomass is a promising 
route for producing precursors for valuable chemicals and low-car¬ 
bon footprint transportation fuels from a renewable resource [1,2], 
The highly endothermic thermochemical conversion of biomass 
with steam to syngas (a mixture composed of H 2 and CO) com¬ 
prises two main steps: (1) pyrolysis, producing tars, gases and char, 
and (2) steam-based gasification of the tars and the char to form 
syngas [3], The produced syngas can then be processed into H 2 
(water-gas shift reaction), diesel or kerosene (Fischer-Tropsch 
process), or methanol and then gasoline (MTG, Mobil). Alterna- 
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tively, the syngas may be used directly as a combustion fuel for 
power generation. 

Previous investigations of solar-driven allothermal gasification 
of Brazilian sugarcane bagasse have revealed potential benefits 
over the conventional autothermal gasification such as a higher 
heating value and a more favorable quality of the produced syngas, 
i.e. a higher H 2 /CO ratio and less C0 2 contamination [4], Moreover, 
a higher utilization of the feedstock can be achieved: instead of 
combusting 25-40% of the feed biomass to provide the heat neces¬ 
sary to drive the endothermic gasification reactions, the solar- 
driven gasification uses concentrated solar radiation as the source 
of high-temperature process heat [1,2,4], Thus, as the solar energy 
is chemically stored in an amount equal to the enthalpy change of 
the endothermic reactions, the calorific value of the syngas 
produced per unit of feedstock is higher. 
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Nomenclature 



ah r 

reaction enthalpy (J/mol) 

T 

temperature (K) 

ID 

inner diameter (mm) 

t 

time (s) 

L 

length (mm) 

U 

upgrade factor (-) 

LHV 

lower heating value (MJ/kg)/(MJ/Nm 3 ) 

X 

elemental molar ratios of H/C (-) 

M 

molar mass (kg/mol) 

Xc 

carbon conversion (-) 

m 

mass(kg) 

y 

elemental molar ratios of O/C, mole fraction (-)/(-) 

n 

molar flow rate (mol/s) 

p 

energy conversion efficiency (-) 

OD 

outer diameter (mm) 



Q 

heat flow (W) 




Oxygen- and air-blown downdraft gasifiers are the preferred 
concepts for the autothermal conversion of a highly volatile feed¬ 
stock such as biomass into a high-quality syngas. They feature a 
turbulent oxidation zone maintained at temperatures in the range 
of 1000-1200 °C. While passing through this high-temperature 
zone, tars and gaseous hydrocarbons released during pyrolysis 
are cracked and reformed so that the resulting product gas con¬ 
tains low amounts of tars, dust, and CH 4 (~l-2%). However, it is 
also diluted by a substantial amount of C0 2 and N 2 if air is used 
as the combustion gas [3] and contaminated by combustion 
byproducts (SO* and NO x ) that deactivate catalysts used in the sub¬ 
sequent liquid fuel production step. Therefore, purifying the final 
product (syngas) and eliminating its dilution imposes additional 
capital and operating costs for gas scrubbing, C0 2 removal, and 
on-site 0 2 generation. 

For solar-driven gasification, where no heat is generated within 
the reactor, efficient transfer of the concentrated solar radiation to 
the reaction site is critical for high productivity and favorable 
gas-phase selectivity. Directly-irradiated solar gasifiers, where 
the solar radiation is absorbed by the feedstock at the reaction site, 
enable high heat transfer rates. Yet, those also require a transpar¬ 
ent window that not only has to be kept clean during operation 
which impairs operability in case of highly volatile feedstocks, 
but also introduces limitations in the scale-up [5-13], In indi¬ 
rectly-irradiated reactors the incident solar radiation impinges on 
the outer wall of an opaque absorber which confines feedstock. 
The heat is transferred to the inner absorber wall by conduction 
and from there to the feedstock by convection and radiation. 
Therefore, the need for a window is eliminated at the expense of 
having less efficient heat transfer. This imposes even more 
stringent constraints on the materials of the absorber with regards 
to its operating temperature, chemical stability, thermal conduc¬ 
tivity, radiative absorptance, and resistance to thermal shock 
[2,12,14-20], 

A commonly suggested method to achieve the required heat 
transfer rates in an indirectly-irradiated gasifier is the drop-tube 
concept. Solar radiation is concentrated through an aperture into 
either a specularly reflecting [14,19] or absorbing [15,18-20] cav¬ 
ity-receiver housing one or more vertical reactor tubes. The reactor 
tubes absorb the high-flux irradiation and re-radiate the heat to 
the particles flowing through. Scalability is straightforward as it 
is based on a modular multi-tube design [15,21], However, this 
reactor concept is suitable only for particles of up to a couple of 
hundred microns in size for which the radiative heat transfer mode 
is dominant [22] and the residence time of the order of a second is 
long enough [4], Grinding raw biomass to this size range imposes 
high capital and operating costs that often justify a partial low 
temperature pyrolysis of the biomass (torrefaction) in order to im¬ 
prove its grindability [23], At the same time, as the gas is mainly 
convectively heated by the surface area of the particles that are 
in a rather dilute flow, this land of reactor generally does not pro¬ 


vide gas temperatures high enough for effective tar and methane 
cracking and reforming. Alternative reactor concepts such as 
packed or moving beds allow the use of coarser biomass particles 
by providing reaction time that is sufficiently long for high carbon 
conversion. Unfortunately, these concepts suffer from significantly 
impaired overall heat transfer due to high extinction of radiation 
by the densely packed bed of feedstock and ash [13,17], 

This work introduces a two-zone solar-driven gasifier designed 
to retain the advantage of the efficient radiative heat transfer 
inherent to drop-tube reactors while, however, overcoming their 
residence time and particle size limitations that constrain cracking 
and reforming of hydrocarbons. The gasifier consists of a drop-tube 
zone for fast pyrolysis and a trickle bed for the char gasification. 
The trickle bed utilizes a structured packing to control the overall 
porosity of the gasification zone in order to increase the residence 
time of the char particles while still allowing the radiation to pen¬ 
etrate through. The performance of the two-zone reactor was 
experimentally tested with Brazilian sugarcane bagasse particles 
and compared to the performance of the drop-tube configuration. 


2. Experimental 

2.1. Feedstock 

The feedstock considered was Brazilian sugarcane bagasse. It 
was dried (105 °C, >4h) and sieved (sieve size 0.5 mm) to a 
mean particle size of 455 pm (LA-950 analyzer, HORIBA). The ele¬ 
mental analysis of the particles presented in Table 1 implies 
CHi.665O0.663 as the overall chemical formula after neglecting the 
presence of ash, N and S. Calorimetric measurements of the parti¬ 
cles after drying (C7000, IKA-Werke) showed a lower heating value 
(LHV) of 16.50 MJ/kg. 

2.2. Solar reactor concept 

The biomass pyrolysis conditions such as heating rate, gas tem¬ 
perature, and residence time have a strong influence on the release 


Table 1 

Elemental analysis of bagasse particles (dry basis); C, H, N determined with CHN-900, 
O with RO-478 and S with CHNS-932 (all LECO Corporation, St Joseph, MI). 


Carbon (C) 
Hydrogen (H) 
Oxygen (O) 
Nitrogen (N) 
Sulfur (S) 

Ash 
H/C = x 
O IC-y 


(%w.) 

(%wt) 

(%wt) 

(Swt) 

(%wt) 

(%wt) 


(mol/mol) 
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of tars and gases, as well as on the formation and reactivity of the 
char. In general, the release of volatiles is enhanced and char for¬ 
mation suppressed by rapid high-temperature pyrolysis [24,25]. 
Such pyrolysis conditions yield only low amounts of char that 
has high reactivity [26-29], Moreover, high gas temperatures facil¬ 
itate cracking of tars and other hydrocarbons [27,30-32], Although 
the production of char with a high reactivity is beneficial for the 
subsequent char gasification, the char gasification remains the rate 
limiting step [3], Previous investigations with the feedstock under 
consideration indicated that a residence time as high as 30-60 s is 
required for 90% char conversion at temperatures below the ash 
melting temperature (1473 K) [4], 

The solar gasifier concept developed in this work is based on a 
vertical tubular reactor situated within a cavity-receiver (Fig. 1). 
Cavity-type receivers are suitable for solar concentrating applica¬ 
tions as they approach blackbody absorbers and minimize re-radi- 
ation losses, while providing a homogeneous temperature 
distribution through multiple internal reflections and re-radiation 
[33], The tubular reactor comprises two zones (see inlay Fig. 1): an 
upper drop-tube pyrolysis zone and a lower trickle-bed gasifica¬ 
tion zone consisting of a structured packing. Bagasse particles 
and steam are both introduced from the top. The raw bagasse par¬ 
ticles are rapidly heated in the upper zone by infrared radiation 
from the tube wall to undergo fast pyrolysis. This zone provides 
sufficient residence time to ensure that the particles reaching the 
trickle bed are not sticky thus prone to clogging the porous struc¬ 
ture. The triclde bed slows down the particles, thus increasing their 
residence time in the hot zone. Yet, its high overall porosity lets 
thermal radiation penetrate through, enhancing radial heat trans¬ 
fer. Therefore, by combining conductive and radiative heat transfer 
modes, the structure is expected to enhance heat transfer to both 
gas [34] and solid phases. By transporting gas and solids down¬ 
wards, the tars and gases evolved during the pyrolysis pass 
through the hottest zone of the reactor where they decompose 
via cracking and reforming reactions to H 2 , CO, C0 2 , lighter hydro¬ 
carbons and coke. 

Together with the potential advantages mentioned above, the 
concept proposed in this work introduces some limitations that 
need to be recognized. Although high temperatures are desirable 
for efficient heat transfer to gas and solids resulting in high reac¬ 
tion rates, the operating temperature of the trickle zone is limited 
by the ash melting temperature of the feedstock. In addition, the 


throughput of the feedstock depends on how well the particle 
loading and residence time within the structured packing can be 
controlled. 


2.3. Experimental setup 

The reactor was made of a heat-resistant, well conducting 
(30W/mK at 1500 K) pressureless-sintered silicon carbide tube 
(Hexoloy SE SiC, Saint Gobain, L 700 mm, ID 41 mm, OD 51 mm) 
which was placed in a cavity (200 x 86 x 86 mm) made of a 
60 mm thick (40 mm at the front) alumina/silica based insulation 
(65% A1 2 0 3 ,34% Si0 2 , Insulform 1600). The insulation was fastened 
by a stainless steel case surrounding it. The cavity has a 30 mm- 
diameter aperture for the access of concentrated solar radiation. 
The reactor tube was placed slightly towards the back of the cavity 
to reduce thermal stress on the tube and minimize re-radiation 
losses due to hotspots [19], A 3-dimensional, water-cooled com¬ 
pound parabolic concentrator (CPC) [35] was mounted as a second¬ 
ary concentrator at the reactor aperture to boost the concentration 
ratio, thereby allowing a smaller aperture size and thus further 
reducing re-radiation losses. The CPC was made of polished alumi¬ 
num and designed for a half acceptance angle of 45° with an exit 
diameter of 30 mm. It was truncated to a height of 32.2 mm result¬ 
ing in an inlet diameter of 42.3 mm and a concentration ratio close 
to 2. To prevent overheating of the outer surface of the assembly by 
spilled radiation, a water-cooled shield (300 x 300 mm) was 
mounted around the CPC. The system was designed for 1.5 l<W t h 
solar radiative input power and operation at ambient pressure 
and temperatures up to 1850 K. 

Fig. 2 presents an overview of the experimental setup including 
the solar gasifier and auxiliary components. Bagasse particles were 
introduced by an Ar-purged drum feeder positioned above the rec¬ 
tor tube. N 2 and steam generated with an external evaporator 
(Bronkhorst) were injected through annularly distributed inlets 
positioned just below the feeder. The flow rates of the inlet gases 
and the water into the evaporator were controlled with electronic 
mass flow controllers (Bronkhorst). The porous structure creating 
the trickle bed was made of a 10 ppi (pores per inch) Si-SiC retic¬ 
ulate porous ceramic foam (RPC, porosity >87%) which was placed 
in the hot zone of the reactor tube. The RPC was supported by an 
alumina tube (Alsint 99.7, Haldenwanger, ID 30 mm, OD 38 mm). 



Fig. 1 . Schematic of the solar cavity-receiver/reactor configuration with thermocouple locations and blown up detail of the reactor tube: 
zone and the trickle-bed char gasification zone. (RPC = reticulate porous ceramic, CPC = compound parabolic concentrator). 


ring the fast pyrolysis drop-tube 
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simulator and the auxiliary components and flows. 


The temperatures of the cavity and of the reactor tube wall were 
measured with K-type thermocouples placed at several axial 
locations inside the assembly (r in i e t, T top , r tub e, T b ottom. T out i et ). One 
thermocouple (T center ) was inserted into the RPC with its tip at 
the centerline, 20 mm above the bottom of the RPC. 

Ash and unreacted char were collected in the product collection 
drum located below the reactor just before a condenser and a 
steam trap. A slip-stream of the product gas was withdrawn after 
the condenser and analyzed by gas chromatography (GC) after 
being filtered and chilled to remove particulate matter and con¬ 
densable components. A two-channel Varian Micro-GC equipped 
with a Molsieve-5A and a Poraplot-U column (1/120 Hz sampling 
frequency) was capable of determining concentrations of H 2 , N 2 , 
CO, CH 4 , C0 2 , C 2 H 2 , C 2 H 4 , and C 2 H 6 . A known flow rate of N 2 intro¬ 
duced with the steam was used as tracer gas to calculate the total 
molar flow rate of the product gas. 

The experiments were carried out at the high-flux solar simula¬ 
tor (HFSS) of ETH Zurich. The HFSS is equipped with seven high- 
pressure Xe arcs close-coupled to truncated elliptical specular 
reflectors [36], It is capable of delivering continuous thermal radi¬ 
ative power with peak flux intensities up to 4500 suns 
(1 sun = 1 kW/m 2 ) and mean flux intensities of 3620 kW/m 2 on a 
30 mm aperture diameter. Thus, the solar reactor was tested under 
comparable heat-transfer characteristics of highly concentrating 
solar systems, such as solar dishes and solar towers. Radiative flux 
intensities were adjustable by the number of Xe arcs in operation, 
their power, and the position of the reactor aperture relative to the 
focal plane. The radiative power input at the reactor aperture 
(Qsoiar) was determined optically with a calibrated CCD camera 
and verified by calorimetric measurements at the CPC outlet. 

2.4. Experimental procedure 

Power input and temperature traces recorded during a typical 
experiment are shown in Fig. 3. At the beginning of all the exper¬ 
iments but one, the nominal Ar and N 2 flow rates were set to 
O.SLN/min 1 : in the reference experiment with pure pyrolysis (no 
steam injection) the nominal flow rates of Ar and N 2 were set to 

1 L n designates normal liters at 273 K and 1 atm. 


© © (D 



Fig. 3. Input power (Qsoiar) and reactor temperatures during a typical experiment; 
® steam on, ffi biomass feed on and ® biomass feed off. 


0.5 L N /min and 2.2 L N /min, respectively. In order to achieve rapid 
heating, up to five arcs of the HFSS were then turned on simulta¬ 
neously to irradiate the reactor at high power levels (1.65 kW th , 
2333 suns). After approximately 30 min, the input power was 
reduced to the levels ranging between 1.147 and 1.195 kW th 
(1622-1690 suns) to equilibrate the reactor in a steady-state with 
the resulting temperature inside the RPC (T ce nter) settling within 
1256-1362 K range. The maximum temperature at the top of the 
RPC at the tube (T tuhE ) was kept below 1428 K to avoid ash slagging 
that has been observed at temperatures above 1473 K [4,37,38], 
After the thermal equilibration of the system, steam preheated to 
about 560 K was injected at a steady rate of 81.6 g/h resulting in a 
nominal inlet steam concentration of 62.9%™,. The injection of steam 
® was reflected by a temperature drop in the upper part of the reac¬ 
tor (T top ) and an increase towards the bottom (T bottom ). After reach¬ 
ing another steady state, the biomass feed commenced (2) at feeding 
rates between 61 and 94 g/h leading to molar steam to biomass ra¬ 
tios (h H2 o/n C H*o y ) of 1.37-2.09. This corresponds to 2.06-3.15 times 
the stoichiometric amount of steam for the idealized net reaction 
represented by: 

CH,O y + (l-y)H 2 0^ (l+|-y)H 2 + CO (1) 

After another 20 min, biomass feed, steam flow, and irradiation 
were all turned off and the reactor was cooled down ®. Temporal 
gas composition, temperature, and pressure data were acquired 
during the course of the experiment. In addition, char samples 
were collected after the experiments and analyzed for their ele¬ 
mental composition (CHN-900, LECO Corporation, St. Joseph, MI). 

3. Results and discussion 

Fig. 4 shows the molar flow rates of the product gases as a func¬ 
tion of time during a typical experimental run. A slight increase in 
H 2 and CO can be observed immediately after the commencement 
of steam ®. This has been attributed to the gasification of the car¬ 
bon residue in the RPC originating from previous experiments. As 
the step changes in product flow rates could be correlated with 
turning the biomass feed on ® and off ®, the observed fluctuations 
in the data shown in Fig. 4 reflect the intermittent feed rate. In 
addition, the data indicate an increase in the production of H 2 
and C0 2 and a decrease in the production of CO, CH 4 and C 2 H 4 with 
time. This could be explained by two factors: (1) the gradual in¬ 
crease in the temperature at the bottom of the cavity as indicated 
by Fig. 3 and (2) a suspected buildup of char within the RPC. As a 
result of the char buildup, more syngas is being produced within 
the RPC that then undergoes the water-gas shift and hydrocarbon 
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Fig. 4. Molar flow rates of product gases as a function of time during a typical 
experimental run: ® steam on, ® biomass feed on and ® biomass feed off. 


cracking reactions favored by a higher temperature at the bottom 
of the cavity. 

Experiments were carried out with different system configura¬ 
tions as summarized in Table 2. Two-zone experimental sets 
A1-A3 and B1-B3 were performed with RPCs that were 50 mm 
and 100 mm tall, respectively. As reference runs simulating the 
drop-tube concept alone, free-fall pure pyrolysis (PP) and free-fall 
steam-based gasification (SG) experiments were performed with¬ 
out any RPC in the system. Furthermore, the experiments were 
performed at two levels of T center : -1350 K for set A, SG and PP, 
and -1290 I< for set B. The observed temperature variations within 
experimental sets A and B are the result of the physical limitations 
to strictly control the power input to the solar reactor. 

The tabulated mole fractions were calculated considering only 
molar flow rates of the product gases integrated over the course 
of an experiment; the flow rates of H 2 0, N 2 , and Ar were not 
considered. These were then used to calculate the mass fractions 
Xi=y i M i l'£(y i M i ) and reported LHV values as follows: 

LHV = ^XiLHV, (2) 


The upgrade factor U is defined as the ratio of the energy content of 
the syngas produced to that of the reacted bagasse [4] by consider¬ 
ing char as pure carbon (LHV cha r = 33.5 MJ/kg [39]), 


mbagasse LHV bagasse - m c ,i„(l -Xc) LHV char 


(3) 


Table 2 

Summary of the experimental results (A = 50 mm tall RPC, B = 100mm tall RPC, 
PP = free-fall pure pyrolysis, SG = free-fall steam-based gasification, all values are on a 


LHV 

U 

X c 


A1 A2 A3 


B3 SG PP 


(K) 1344 1359 

(K) 1098 1105 

(K) 1024 1037 

(%v„i) 45.8 46.0 

(%voi) 33.8 34.7 

(%v„i) 5.9 5.7 

(%v„i) 13.2 12.5 

(%v„i) 1.0 0.8 

(%v„i) 0.4 0.3 

(%voi) 0.0 0.0 

(MJ/ 15.9 15.9 

kg) 

(-) 1.06 1.04 

(-) 0.89 0.80 


1362 1303 1284 

1108 1045 1027 

1040 980 965 

46.5 45.0 43.7 

34.1 34.8 34.8 

5.4 6.2 6.6 

13.0 12.8 13.2 

0.8 0.8 1.1 

0.3 0.4 0.6 

0.0 0.0 0.0 

15.7 15.9 15.9 

1.06 1.05 1.04 

0.90 0.89 0.90 


1285 1343 1338 

1028 1080 1110 

980 1068 1053 

45.0 37.2 35.1 

34.4 39.9 46.5 

6.3 8.7 7.0 

13.2 10.9 6.2 

0.6 2.0 3.7 

0.5 1.1 1.5 

0.0 0.0 0.0 

15.8 17.0 18.5 

1.05 0.99 1.00 

0.88 0.69 0.64 


The carbon conversion X c is defined as the amount of carbon 
evolved with monitored product gases divided by the amount of 
carbon fed with bagasse: 

Xc = ATc,product / fttc,reactant (4) 

Carbon mass balance showed that between 89% and 98% of the 
total carbon fed into the system could be accounted for by the gas 
phase evolved over the course of an experiment and the solids 
recovered from the RPC and the product collection drum. The 
remainder was attributed to deposits on the tube wall, carryover 
of fine particles or tar, and the overall measurement error. The frac¬ 
tion of the carbon retained within the RPCs was less than 2.3% and 
5.3% for the configurations A and B, respectively. 

The statistical significance of the differences between the re¬ 
sponses of the investigated configurations has been assessed as 
follows: 

(a) The responses of configurations A and B were compared 
using two-sample t-tests at a significance level of 5% (MAT- 
LAB, MathWorks). The variances of the unpaired samples 
were considered to be equal as confirmed by two-sided 
F-tests at a 95% confidence level. 

(b) The single responses of configurations SG and PP were com¬ 
pared to the responses of configurations A and B by single¬ 
sided Grubb’s outlier tests [40] at a 5% confidence level. 
These tests were used to decide with 95% confidence if the 
responses of configurations SG and PP do not belong to the 
same normal distributions as the corresponding responses 
of sets A1-A3 and B1-B3. 

The results of the statistical analysis are summarized in Table 3. 
For a comparison X vs. Y, or “<” designate statistically signifi¬ 
cant higher or lower response value for configuration X; ” desig¬ 
nates no statistically significant difference. 

Fig. 5 presents a comparison of the gas compositions measured 
with the different system configurations. The average gas mole 
fractions calculated for the experiments A1-A3 and B1-B3 corre¬ 
spond to H 2 /CO ratios of 1.35 and 1.29, respectively, and the same 
C0 2 /CO ratios of 0.38. Although the temperatures (T center ,T top , 
Tbottom) in set B were on average 59-70 K lower than in set A, 
according to Table 3 only the mole fractions of H 2 and CH 4 were 
found to be statistically different. 

As shown in Table 3, the comparison of the two-zone configura¬ 
tions A and B to the free-fall pure pyrolysis (PP) indicates a signif¬ 
icant decrease in CO, C 2 H 2 , and C 2 H 4 as well as an increase in H 2 
and C0 2 . The comparison to the free-fall steam-based gasification 
experiment (SG) indicated the following: 


Table 3 

Summary of the statistical analysis for the effects of reactor configurations: for 
comparison X vs. Y “>” or designate statistically higher or lower mean of a 
response for the configuration X; designates no statistically significant difference. 


Response A vs. B A vs. SG*' B vs. SG” A vs. PP” B vs. PP” 


Yh 2 

Yen, 

Yco, 


Yc 2 h 6 

LHV 

X c 

* Two-sample t-tests at a significance level of 5 X with equal variances of the 
unpaired samples. 

Single-sided Grubb's outlier tests [40] at a 5% confidence level. 
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Fig. 5. Average gas compositions calculated on H 2 0, N 2 and Ar free basis for the 
investigated configurations: A = 50 mm tall RPC, B = 100 mm tall RPC, PP = free-fall 
pure pyrolysis, SG = free-fall steam-based gasification. Error bars illustrate the span 
between the minimum and maximum values. 


Fig. 6. Carbon conversion and upgrade factors for investigated configurations: 
A = 50 mm tall RPC, B = 100 mm tall RPC, PP = free-fall pure pyrolysis, SG = free-fall 
steam gasification. Error bars illustrate the span between the minimum and 
maximum values. 


air-blown downdraft gasifier for bagasse pellets by Erlich and 
Fransson [43] produced syngas with an LHV of 4.8-8.1 MJ/Nm 3 
and 9.5 MJ/Nm 3 , respectively. For comparison reasons, all LHVs 
are reported on a H 2 0 and N 2 free basis. The higher values obtained 
in the solar gasification were mainly due to the lower content of 
C0 2 . 

Carbon conversions (X c ) and upgrade factors are presented in 
Fig. 6. The carbon conversions for configurations A and B were cal¬ 
culated to be around 87% and 89%, respectively. For B, this is a sta¬ 
tistically significant improvement over both PP (64%) and SG (69%), 
in spite of the considerably lower reactor temperatures. Remark¬ 
ably, the improvement for configuration A could not be shown to 
be significant by the Grubbs test due to the scatter in the data 


• The amounts of CO and CH 4 obtained with either of the two- 
zone configurations (A, B) were lower and the amount of H 2 
higher. 

• The amounts of C 2 H 2 and C 2 H 4 obtained with configuration A 
were lower but those obtained with configuration B showed 
no significant difference, and 

• The amount of C0 2 obtained with configuration B was higher 
but the one obtained with configuration A showed no signifi¬ 
cant difference. 

The above observations imply that the two-zone reactor con¬ 
cept allows for more efficient decomposition of CH 4 and C 2 hydro¬ 
carbons compared to the drop-tube gasifier operating at 
comparable reactor tube temperatures. At present, it is not clear 
whether this should be attributed to a higher gas temperature, 
an increased residence time of the gas, or both. In addition, it 
appears that the two-zone reactor facilitates the water-gas shift 
reaction (CO + H 2 0 <-> H 2 + C0 2 ) which may be attributed to the 
higher gas temperatures as no effort has been made to quench 
the product gas. The higher extent of the exothermic water-gas 
shift reaction with increased gas temperatures is to be attributed 
merely to faster ldnetics as the measured concentrations of H 2 
and C0 2 were still below the values expected from thermodynamic 
equilibrium [41], 

The LHVs of the syngas were 15.9 MJ/kg (12.5 MJ/Nm 3 ) for con¬ 
figurations A and B, and 18.5 and 17.0 MJ/kg (15.6 and 14.4 MJ/ 
Nm 3 ) for PP and SG, respectively. The statistically higher values 
for PP and SG originate from the higher content of light hydrocar¬ 
bons. For ah cases, however, the heating values achieved in this 
work were substantially higher than those obtained in 
conventional autothermal bagasse gasification. For example, the 
air-blown cyclone particle-gasifier by Gabra et al. [42] and the 



Fig. 7. The 50 mm tall RPC after one of the A experiments. The particles are 
uniformly distributed throughout the entire RPC. 
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and a small sample size. The reasons for the generally low carbon 
conversion may be attributed to insufficient solids retention or 
particle build up on top of the RPC that was observed in some 
experiments. 

The upgrade factor calculated via Eq. (3) was found to be ~1.05 
for cases A and B and less than 1 for PP and SG. This means that the 
biomass could be energetically upgraded by 5% by storing solar en¬ 
ergy in the syngas. 

Fig. 7 shows the RPC after one of the A experiments. The easily 
removable char particles were quite uniformly distributed 
throughout the entire structure, thereby implying rather volumet¬ 
ric char gasification. It was possible to feed up to 77 g/h bagasse 
without a significant increase in the pressure drop over the RPC. 
This corresponds to a particle flux per cross-sectional area of 
16g/s m 2 . At higher feeding rates char started depositing on top 
of the RPC. The elemental analysis of the solid residue showed low¬ 
er carbon conversion for particles collected in the product collec¬ 
tion drum than for the particles retrieved from the RPC. This 
implies that the retention of the particles by the RPC and/or their 
interaction with the RPC surface is the key for increasing the over¬ 
all carbon conversion. 

The energy conversion efficiency is defined as 

m syn gasLHV syngas 

n = —f —,-i-*- m - (5) 

/£“* Qsoiar dt + m bagasse LHV bagasse - m c ,i„(l - X c )LHV char 

rj strongly depends on the feeding rate. For reporting the maximum 
r] it is thus important to consider only the experiments in which no 
particle build-up was observed. Under this constraint, the highest 
efficiency of >7 = 21.6% was achieved at a feeding rate of 73 g/h 
(experiment A3). To overcome the throughput constraints and in¬ 
crease r\ it is necessary to develop a method for on-line ash removal 
from the RPC and improve the control of the solids residence time. 
Since the particles deposited on the RPC were easy to remove, vibra¬ 
tion and/or occasional pulse-flow of purge gas (inert or syngas) 
could serve as means for achieving both of these tasks that should 
be addressed by further research. 


4. Conclusions 

A two-zone solar-driven biomass gasifier concept has been pro¬ 
posed and evaluated at a 1.5 kW t h solar radiative power input with 
bagasse particles. Its first zone operates in a drop-tube mode which 
ensures efficient radiative heat transfer to dispersed biomass par¬ 
ticles that is required for fast pyrolysis. Its second zone is designed 
to operate as a trickle bed consisting of a structured packing that 
increases solids holdup in the hot zone, thereby providing resi¬ 
dence time and temperature needed for the rate limiting char gas¬ 
ification and the decomposition of the pyrolysis products. 

A series of 20 min gasification experiments with bagasse parti¬ 
cles and steam were performed on a high-flux solar simulator to 
compare the drop-tube/trickle-bed reactor with a drop-tube 
reactor. It was demonstrated that the two-zone reactor concept 
decomposes CH 4 and C 2 hydrocarbons more efficiently than the 
drop-tube gasifier operating at comparable reactor tube tempera¬ 
tures. The concentrations of H 2 and C0 2 were higher than in the 
drop tube reactor, whereas the concentration of CO was lower, 
which has been attributed to a higher extent of the water-gas shift 
reaction due to a higher gas temperature. 

The LHV of the syngas produced by the two-zone reactor was 
around 15.9 MJ/kg, which is substantially higher than typically ob¬ 
tained in conventional autothermal bagasse gasification. The bio¬ 
mass was energetically upgraded by 5%, effectively storing solar 
energy in the syngas. The maximum energy conversion efficiency 
was 21%. 


It is important to note that the concept has only been evaluated 
under the very limited conditions of both short-term operation 
(20 min) and light particle loadings (a maximum particle flux of 
up to 16g/sm 2 were achieved without particle build-up on the 
structure packing). Future research should address on-line ash re¬ 
moval from the structured packing to increase the throughput and 
ensure longer term operability. 
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